Abstract Although immune reactions against heat shock proteins have been implicated in the pathogenesis of atherosclerosis, conflicting associations between Hsp70, anti-Hsp70 antibody and coronary heart disease (CHD) have been reported. This study assessed whether there is a significant association between extracellular human Hsp70, anti-Hsp70 antibody and acute coronary syndrome (ACS) and stable angina (SA), and examined dynamic changes in Hsp70 and anti-Hsp70 antibody levels induced by acute myocardial infarction (AMI). Plasma Hsp70 and anti-Hsp70 antibody levels in 291 patients with ACS (179 AMI, 112 unstable angina), 126 patients with SA and 417 age and sex-matched healthy subjects, and in 40 patients after admission for AMI, and on day 2, 3, and 7 after the onset of AMI were determined using enzyme-linked immunosorbent assays. Hsp70 levels were significantly higher in ACS and SA and anti-Hsp70 antibody levels were only markedly lower in ACS than controls. After adjustment for traditional CHD risk factors, increasing levels of Hsp70 were significantly associated with an increased risk and severity of ACS (P for trend<0.001), whereas increasing levels of anti-Hsp70 antibody were associated with a decreased risk of ACS (P for trend= 0.0003). High levels of Hsp70 combined with low levels of anti-Hsp70 antibody had a joint effect on the risk of ACS (OR, 5.14, 95% CI, 3.00-8.79; P<0.0001). In patients with AMI, Hsp70 levels decreased rapidly from days 1-7 after onset, whereas anti-Hsp70 antibody levels increased in patients with AMI. These findings suggest that higher Hsp70 levels or lower anti-Hsp70 antibody levels are independently associated with a higher risk of ACS. Higher Hsp70 levels and lower anti-Hsp70 antibody levels combine to further increase this risk. 
cTNI cardiac troponin I BMI body mass index
Introduction
Accumulating evidence suggests that an immunological mechanism is involved in the pathogenesis of atherosclerosis, including autoimmune reactions against heat shock (stress) proteins (Hsps; Wick et al. 2004) . Hsps are typically regarded as being intracellular proteins. However, under particular conditions, they can be released into the extracellular environment (Hightower and Guidon 1989) , in which they can act as autoantigenic agents (Asea 2005) . A number of studies have shown that Hsps and their corresponding autoantibodies play a crucial role in the pathogenesis and/or prognosis of certain diseases (Pockley et al. 2002; Pockley et al. 2003; Prohaszka et al. 2001; Wu and Tanguay 2006; Zhu et al. 2001) . Several investigations, including some of our own, have identified that human Hsp60 and anti-Hsp60 antibodies are independently associated with the development and severity of coronary heart disease (CHD; Prohaszka et al. 2001; Zhang et al. 2008a; Zhang et al. 2008b; Zhu et al. 2001 ). Hsp70 has been studied extensively, and circulating Hsp70 and anti-Hsp70 antibody have been found in the peripheral circulation of normal individuals (Pockley et al. 1998) . Elevation of circulating Hsp70 and anti-Hsp70 antibody has also been observed in certain diseases states, such as different types of vascular disease (Chan et al. 1999; Wright et al. 2000) , chronic heart failure (Genth-Zotz et al. 2004) , after acute myocardial infarction (AMI; Dybdahl et al. 2005) , dilated cardiomyopathy (Portig et al. 1997) , and electrocardiography abnormality (Yuan et al. 2005) , thereby suggesting that Hsp70 and anti-Hsp70 antibody might possibly play a harmful role in the pathogenesis and progression of atherosclerosis or cardiovascular diseases. However, limited epidemiological studies have reported conflicting associations between Hsp70, antiHsp70 antibody and CHD. Zhu et al. (2003) found that increased serum levels of Hsp70 are associated with low CHD risk, but that there is no association between antiHsp70 IgG antibody seropositivity and the prevalence of CHD (n=421). Kocsis et al. (Kocsis et al. 2002 ) also failed to find any significant difference in anti-Hsp70 antibody levels between patients with severe CHD patients and healthy subjects (n=99 pairs). A small study has documented that patients with stable (n=40) and unstable angina (n=91) exhibit lower serum anti-Hsp70 antibody levels compared to controls (n=18; Herz et al., 2006) . In addition, the presence of anti-Hsp70 IgG indicated a better outcome in patients suffering from severe angina undergoing coronary artery bypass grafting (n=17; Vogt et al. 2004 ).
These discrepant results might be related to both different patient profiles and different inclusion criteria. Although the pathogenesis in various phenotypes of CHD may differ, no studies have clinically subdivided CHD events into acute and chronic presentations, such as acute coronary syndrome (ACS) and stable angina (SA). Therefore, we investigated if there was association between Hsp70 or anti-Hsp70 antibody levels and the risk or severity of ACS and SA, as well as the possible joint effects of Hsp70 and anti-Hsp70 antibody on ACS and SA in a case-control study. We further explored this relationship by evaluating plasma Hsp70 and anti-Hsp70 antibody levels in a prospective observational study in AMI patients.
Subjects and methods

Study population
The case-control study was composed of 417 CHD patients and 417 age (±1 years) and sex-matched healthy controls. The study design and assessment of demographic data, lifestyle, and medical history of the subjects have been described in detail previously (Zhang et al. 2008a) . Briefly, patients from 40 to 79 years old who were hospitalized at three hospitals (Tongji Hospital, Union Hospital, and Wugang Hospital) in Wuhan (Hubei, China) between May 2006 and September 2007 were consecutively recruited for the present study. All patients with CHD having significant clinical symptoms or typical electrocardiogram (ECG) abnormalities, and enzymatic abnormalities underwent coronary angiography, and exhibited stenoses≥50% in at least one major coronary artery. Patients with congenital heart disease and vascular disease were excluded. Overall patients with CHD comprised 291 ACS and 126 SA patients, and ACS patients included 179 AMI and 112 unstable angina (UA). The diagnosis of AMI was based on the following criteria (Alpert et al. 2000; Galvani et al. 2002) : (1) chest pain lasting longer than 20 min, (2) development of pathologic Q waves on the ECG or ST segment elevation or depression, and (3) elevation of biochemical markers of myocardial necrosis (preferably troponin). UA was defined as new onset of severe angina, accelerated angina, or angina at rest. SA was considered as no change in frequency, duration, or intensity of symptoms within 6 weeks before admission (Mintz et al. 2003; Ozdemir et al. 2008) . Fasting blood samples were collected into the ethylenediaminetetraacetic acid (EDTA)-treated tubes from the patients on the morning following admission. Controls were randomly selected from healthy subjects residing in the same communities as the cases on the basis of medical history, clinical examinations, and electrocardiography. None of these exhibited clinical or diagnostic evidence of CHD, nor had received any intervention therapy for CHD.
The prospective study was conducted in 40 patients with AMI who were consecutively admitted (October 2007 to November 2008 to Wugang and Wuhan Second Hospital within 12 h of the onset of symptoms, and only at daytime. Blood samples were drawn immediately after admission, on the following morning (12-24 h after admission), and on 3 and 7 days after the admission blood draw. The average time from symptom onset to the initial draw was 2.5±2.2 h.
Structured questionnaires were used to collect information on demographic variables, medical history, medications, and lifestyle habits by trained interviewers. The Ethics Committee of Tongji Medical College approved this study and written informed consent was obtained from each subject.
Assay of plasma Hsp70 and anti-Hsp70 antibody levels Hsp70 and anti-Hsp70 antibody levels were measured in EDTA-plasma using Hsp70 and anti-human Hsp70 antibody (total IgA/G/M) enzyme-linked immunosorbent assay (ELISA) kits (Stressgen Biotechnologies Corp, EKS-715 and EKS-750, Victoria, British Columbia, Canada, now Assay Designs, Ann Arbor, USA) with a sensitivity of 0.09 and 6.79 ng/mL, respectively. The Hsp70 assay only detects inducible Hsp70 and does not detect other Hsp70 family members such as constitutive Hsp70, Grp78, DnaK (Escherichia coli), or Hsp71 (Mycobacterium tuberculosis). The inter-assay and intra-assay coefficients of variation of the assays was <10%.
Other clinical assays
Fasting glucose, total cholesterol, and triglyceride were assayed using standard laboratory procedures in the Department of Clinical Laboratory at the Union Hospital, Tongji Medical College. The markers of myocardial necrosis (creatine phosphokinase MB (CKMB) and cardiac troponin I (cTNI)) were measured by the Department of Clinical Laboratory at Wugang and Wuhan Second Hospitals.
Statistical analyses
Hsp70 and anti-Hsp70 antibody levels exhibited a skewed distribution and were log transformed (log10), or divided into groups based on a priori selected cut points. Continuous variables were analyzed using twotailed t test and repeated measures ANOVA for two or more group comparisons, whereas categorical data were analyzed using the χ 2 test. A logistic regression analysis was used to evaluate associations between Hsp70 or antiHsp70 antibody levels and CHD. Spearman correlations were calculated to estimate the interrelationship between continuous variables. All P values presented are twotailed, and P values below 0.05 were considered to reflect statistically significant differences. Analyses were performed using SPSS 12.0 software (SPSS Inc., Chicago, USA).
Results
Characteristics of the study population
The general characteristics of the case-control study population are presented in Table 1 . Fasting glucose was significantly higher in patients with CHD, including ACS and SA. Systolic blood pressure was only significantly higher in SA patients, but not in ACS patients. In contrast, diastolic blood pressure was markedly lower in ACS patients, not in SA patients. Total cholesterol in all patients was significantly lower than in controls. This is probably due to higher use of anti-hypertensive and cholesterollowering medications in the patient group, especially in those with ACS. As expected, all patients were more likely to have history of hypertension, diabetes, and family history of CHD than controls. Hsp70 was detectable in 91% (380/ 417), 91% (264/291), and 92% (116/126) of patients with CHD, ACS, and SA, respectively, and in 94% (392/417) of control subjects, whereas anti-Hsp70 antibody was detectable in all plasma samples. Hsp70 levels in patients with CHD, ACS, and SA (3.54, 3.77, and 2.26 ng/mL, respectively) were statistically higher than in controls (1.76 ng/mL), and Hsp70 levels were significantly higher in ACS compared with SA. On the contrary, anti-Hsp70 antibody levels in patients with CHD or ACS were significantly lower than those in their corresponding controls (260.35 µg/mL vs. 297.93 µg/mL, P< 0.01; 252.03 µg/mL vs. 297.93 µg/mL, P< 0.01, respectively), and anti-Hsp70 antibody levels were significantly lower in ACS in comparison to SA. No differences in anti-Hsp70 antibody levels between SA patients and controls were observed. Hsp70 and anti-Hsp70 antibody levels in patients with AMI and UA were not significantly different.
Of the 40 patients with AMI (34 men, six women; average age 65.5±12.1 years) included in the prospective study, 24 had a history of hypertension, 12 had diabetes mellitus, and 26 had a history of smoking (see the Supplementary Table 1 ).
Hsp70 and anti-Hsp70 antibody levels and medication use
Median Hsp70 and anti-Hsp70 antibody levels were similar in patients with CHD, ACS and SA who reported using (n=417) CHD (n=417) ACS+SA (n=417) ACS (n=291) SA ( Hsp70 and anti-Hsp70 antibody levels and the severity of ACS We next examined if there is any relationship between Hsp70 and its corresponding antibody and the severity of ACS. As shown in Table 4 , an increased level of Hsp70 was significantly associated with an increased severity of ACS, as assessed by ≥2-diseased vessels (P for trend= 0.001). Adjusted OR of having multi-vessel disease (≥2-diseased vessels) for patients in the highest quartile of Hsp70 levels was 3.51 (95% CI, 1.58-7.79), as compared with the lowest quartile, after controlling for age, sex, smoking, BMI, hypercholesterolemia, hypertension, and diabetes. However, the level of anti-Hsp70 antibody was not significantly associated with severity of ACS.
Joint effects of Hsp70 and anti-Hsp70 antibody levels on the risk of ACS After multivariate adjustment for other potential factors, high Hsp70 levels (≥median, 2.36 ng/mL) and low antiHsp70 antibody levels (<median, 275.26 µg/mL) were associated with a more than fivefold greater risk of ACS compared with subjects with low Hsp70 levels and high anti-Hsp70 antibody levels (OR, 5.14, 95% CI, 3.00-8.79; P<0.0001; Table 5 ).
Dynamic changes of Hsp70 and anti-Hsp70 antibody levels in patients with AMI Finally, we examined dynamic changes in Hsp70 and antiHsp70 antibody levels induced by AMI. Hsp70 was undetectable in one of the 40 patients with AMI on day 3 and in 3 patients with AMI on day 7. There was a clear tendency for AMI to lead to decreases in Hsp70 levels. Hsp70 levels on the day of arrival and the following day were significantly elevated in comparison to those on day 3 and 7 after the onset of AMI (all P<0.05). Plasma antiHsp70 antibody was detectable in all of the 40 patients with AMI, and levels gradually increased and to reach a relative peak value on day 7. Anti-Hsp70 antibody levels on day 7 were significantly more elevated in comparison to those on the day of arrival and the following day after the onset of AMI (P=0.023 and P=0.045, respectively; Fig. 1 ).
Correlations of Hsp70 and anti-Hsp70 antibody with markers of myocardial necrosis in patients with AMI Hsp70 levels were significantly related to the levels of CKMB (r=0.285, P<0.001, Fig. 2a ), however, a weaker positive correlation of marginal significance was found between Hsp70 and cTnI (r=0.191, P=0.046, Fig. 2b ) measured at the four time points. In contrast, anti-Hsp70 antibody levels were inversely correlated with CKMB levels (r=−0.321, P<0.001, Fig. 2c ), and no correlation between anti-Hsp70 and cTnI was found (r=0.017, P= 0.857, Fig. 2d ).
Discussion
In the present study, we found that median levels of Hsp70 were markedly higher in patients with CHD including ACS and SA than in the controls, and also that Hsp70 levels were higher in ACS than in SA. There is an increased risk and severity of ACS as Hsp70 levels increase. In contrast, antiHsp70 antibody levels were significantly lower in ACS compared to controls and SA, and no differences were found between SA patients and controls. Anti-Hsp70 antibody levels were inversely associated with the risk of ACS. Furthermore, high levels of Hsp70 combined with low levels of anti-Hsp70 antibody was associated with more than a fivefold higher risk of ACS, compared with subjects with low levels of Hsp70 and high levels of anti-Hsp70 antibody. ACS and SA are two different clinical manifestations of CHD. Our results show that the elevations in Hsp70 levels are more pronounced in ACS than in SA, and that lower anti-Hsp70 antibody levels are present only in ACS, not in SA, when compared to the controls. This interesting finding might be explained by differences in the degree of immunoreaction or severity of myocardial damage because of different degree of myocardial ischemia and nature of the plaque in ACS and SA. Pathological and autopsy studies have reported that rupture or erosion of multiple vulnerable plaques and subsequent formation of thrombus are the most important mechanisms leading to ACS, whereas SA closely correlates with the stability of an atherosclerotic plaque (Hong et al. 2004) . Consistent with our results, increased Hsp70 levels have been detected in heart biopsies from patients with unstable, as compared with stable angina (Valen et al. 2000) . It is possible that soluble Hsp70 release into the circulation is higher in the sudden fissure or rupture of unstable plaque, and acute events, following AMI for example, rather than in stable plaque. This hypothesis is supported by the findings of Caligiuri et al. (Caligiuri et al. 1998) (Zhu et al. 2003) reported that Hsp70 levels were higher in non-CHD patients than CHD patients. In this study, cases were defined as having≥50% vessel stenosis and controls included patients with chest pain or with noninvasive tests compatible with myocardial ischemia, and blood samples were drawn from all subjects before the time of coronary angiography. In contrast, our controls were selected from healthy subjects and blood samples were obtained from the patients on the following morning after admission. Therefore, differences in population characteristics and timing of blood drawing between our study and Zhu et al. (Zhu et al. 2003 ) might contribute to the discrepant findings. Furthermore, the assay used to measure Hsp70 and anti-Hsp70 antibody levels were different between our study and that of Zhu and Kocsis et al. (Kocsis et al. 2002; Zhu et al. 2003) . We measured plasma Hsp70 and anti-Hsp70 antibody (IgG/A/M) levels using commercial kits, whereas Zhu et al. (Zhu et al. 2003) detected IgG of anti-Hsp70 levels using an in-house ELISA. In contrast to our result, anti-Hsp70 antibody was present in only one third of subjects in their study, this might reflect the fact that the commercial assay measures all antibody isotypes, whereas Zhu's 'in-house' assays measured only IgG antibodies. The inducible Hsp70 is part of the Hsp70 family which contains a number of highly related protein isoforms ranging in size from 66 to 78 kDa (Tavaria et al. 1996) . Coronary endothelial cells are the main site of induction of Hsp70 in the heart and Hsp70 has been found to be highly expressed in cardiovascular tissues and atherosclerotic lesions in humans, in which it has a cytoprotective role (Kleindienst et al. 1993; Wick et al. 1997) . In contrast, extracellular Hsp70 has been shown to have protective or deleterious effects, protecting against or modifying the progression of atherosclerosis. Although it is still unclear how and from where Hsp70 is released into the circulation, circulating Hsp70 levels may reflect intracellular Hsp70 concentrations, especially if tissue damage is present. Gombos et al. (Genth-Zotz et al. 2004; Gombos et al., 2008) observed that serum Hsp70 levels were increased in patients with severe heart failure. Such results indicated that myocardial injury and worsening heart function might result in the release of Hsp70. It has been suggested that the release of Hsp70 from the myocardium into the circulation elicits an immediate innate immune response which leads to the production of pro-inflammatory cytokines including tumor necrosis factor-α, interleukin (IL)-1, IL-6, and the expression of adhesion molecules on macrophages and endothelial cells (Asea et al. 2000; Mandal et al. 2004) . Simultaneously, Hsp70 activates adaptive immune responses and stimulates the production of anti-Hsp70 antibody. In contrast to innate immunity, adaptive immunity is a more specialized and delayed response which typically takes several days to become protective (Binder et al. 2002; Binder et al. 2005) . Thus, anti-Hsp70 antibody has been speculated to contribute to the elimination of autoantigens, which might explain why anti-Hsp70 antibody levels were low in ACS. Such a hypothesis has been supported by Schett et al. (Schett et al. 1999 ) who found that myocardial ischemic injury leads to a release of Hsp60 and subsequent binding to circulating anti-Hsp65, and lower antibody titers via the rapid clearance of immune complex. Therefore, higher plasma Hsp70 levels might indicate cell necrosis and thus represent a danger signal, whereas higher anti-Hsp70 antibody levels could have a possible protective role in ACS.
To further evaluate the association between Hsp70, antiHsp70 antibody, and CHD, we examined the kinetic changes of plasma Hsp70 and anti-Hsp70 antibody levels in AMI over time. The novel findings in this prospective study were that Hsp70 levels peaked after the onset of AMI admission and gradually decreased during the 7 days of recovery, whereas anti-Hsp70 antibody levels progressively increased during the period. Furthermore, Hsp70 levels in patients with AMI were positively correlated with markers of myocardial necrosis, CKMB and cTnI, and anti-Hsp70 antibody levels were negatively correlated with CKMB. CKMB and cTNI are well-known markers of myocardial damage, with high sensitivity and cardio-specificity. Their circulating levels are strongly correlated with the extent of infarct (Laurino et al. 1996; Lindbloom and Stevermer 1999) . The positive correlations of Hsp70 with CKMB and cTNI support the concept that increased plasma levels indeed resulted from myocardial necrosis (Dybdahl et al. 2005) . Thus, high Hsp70 levels were indicative of injury, and neutralization of Hsp70 by anti-Hsp70 antibody might be a part of down-regulatory mechanism. This is consistent with the observation that there is an association between high Hsp70 or low anti-hsp70 antibody levels and the risk of ACS. Similar results have been found by Dybdahl et al. (Dybdahl et al. 2005) who observed that the release of Hsp70 in the patients with AMI peaked 6 h after their arrival and decreased significantly from the day of arrival to the following morning. These results indicate that a large amount of Hsp70 is rapidly released into the circulation from infracted heart tissue several hours following heart ischemia and that it is cleared from the circulation after AMI. It is possible that the stress response is only transient or short term, not chronic and persistent state. Tanaka et al. (Tanaka et al. 1998) reported that expression of Hsp70 appeared within 3 h after ischemic stress, that it persisted for up to 72 h, and that it was not detected at 168 h in rabbit hearts. Based on this finding, we suggest that the sources of circulating Hsp70 after AMI may result from the damaged or necrosis of cardiomyocytes and severe endothelial dysfunction in the early phase of AMI (Bennett and Boyle 1998; Mayr and Xu 2001; Toga et al. 2007) .
Several studies have found that autoantibodies against human Hsp70 are present in normal individuals (Pockley et al. 1998; Rea et al. 2001) . When soluble Hsp70 originates from acute myocardial cell injury and is released into the 266.53 (121.40-366.32), 282.84 (143.49-477.99) and 299.65 (254.08-574.44 ) µg/mL at the four time points respectively. Log 10 transformed Hsp70 and anti-Hsp70 antibody levels were compared over the time course using the repeated one-way ANOVA test (LSD) circulation it may bind preexisting anti-Hsp70 antibody, thereby leading to immune complex formation and a reduction in measurable levels of free anti-Hsp70 antibody. However, antigen-antibody complexes are relatively unstable and can be easily dissociated into free antigen and free antibody, the dynamic equilibrium of which partly depending on the relative proportions of antigen and antibody van Es et al. 1979) . The biological half life of Hsp70 has been reported to be about 18 h (Gerner et al. 2002) , thus Hsp70 can be cleared rapidly and promote the dissociation of immune complexes, which could lead to the increase of free anti-Hsp70 antibody. Our data are consistent with Hoppichler's et al. (Hoppichler et al. 1996) finding that anti-Hsp65 antibody titers show a significant drop after the occurrence of MI, suggesting that the decrease of anti-Hsp65 antibody after AMI might result from the removal of the antigen-antibody complexes from the circulation. The negative correlation of anti-Hsp70 antibody with CKMB strengthened this argument. This result suggests the co-existence of an increased autoimmune response and cardiac injury in patients suffering an AMI. The dynamic change of Hsp70 and anti-Hsp70 antibody during acute and recovery phase in AMI could be an indirect reflection of myocardial ischemic injury and endothelial dysfunction in the immediate post-AMI period and the gradual return to homeostasis thereafter. It may indicate that the qualitative nature of the immune response is a time-dependent phenomenon. These results suggest that circulating Hsp70 and anti-Hsp70 antibody may be an early marker for detrimental effects at the acute stages of AMI and may serve as an indicator to evaluate disease states or pathological processes of AMI.
Some potential limitations to the present study must be considered. First, the case-control design cannot establish the causal relationships between Hsp70, anti-Hsp70 antibody and ACS. It is possible that the observed relationship is due to changes in Hsp70 and anti-Hsp70 antibody that are secondary to events that are associated with ACS. Second, our controls did not undergo angiography. Although the possibility of having CHD in healthy population-based samples in a Chinese population is very low, this cannot be completely excluded (Wu and Tanguay 2006) . Third, we did not systematically investigate inflammatory markers, such as hsCRP, an important predictor of CHD risk in most epidemiologic studies (Burke et al. 2002; Liuzzo et al. 1994) . However, Park et al. (Park et al. 2006 ) have reported there was no significant correlation between Hsp70 levels and CRP levels. Finally, the sample size in the prospective study is relatively small. Nevertheless, to the best of our knowledge, our case-control study is the largest thus far and cases and controls were well matched by age and sex, and for Hsp70 and anti-Hsp70 antibody evaluation, we used commercially available, easy to perform, and standardized assays.
In summary, our study shows that Hsp70 levels are significantly higher in ACS and SA, whereas anti-Hsp70 antibody levels are significantly lower in ACS than controls. Higher Hsp70 and lower anti-Hsp70 antibody levels are independently associated with a relatively higher risk of ACS, and higher Hsp70 levels are related to an increased severity of ACS. Furthermore, high levels of Hsp70 combined with low levels of anti-Hsp70 antibody have a joint effect on the risk of ACS. Hsp70 levels were significantly increased, but antiHsp70 antibody levels were markedly decreased after the onset of AMI. The relationship between circulating Hsp70 and anti-Hsp70 antibody in CHD is undoubtedly complex and further studies are required to confirm these findings in prospective cohorts and elucidate molecular mechanisms of these associations.
